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INCREASED CAPABILITIES OF THE 30-cm DIAMETER Hg ION THRUSTER 


by Vincent K. Rawlin and Charles E. Hawkins 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 

INTRODUCTION 

Several studies have indicated the benefits of using electric propulsion for 
Large Space Systems (LSS) (Refs. 1 to 3). The magnitude of those benefits de- 
pends heavily on the characteristics of the electric propulsion system. Depending 
on the time frame of a proposed Ll^ mission, the assumed propulsion system char- 
acteristics may range from those of the 30-cm diameter Hg ion thruster system 
(Refs. 4 and 5) to those of advanced inert gas thruster systems (Ref. 3). 

Use of todays thruster technology for plannii^ far- future missions may be 
overly conservative, while use of advanced technological assumptions probably 
contains uncertainties in areas such as lifetime. 

In general, future energetic missions, using electric propulsion systems, will 
benefit from any technological advances which allow reductions of the input power, 
thrust system mass, mission cost, or thrusting time. The realization of such ad- 
vances implies, to first order (Ref. 6) propulsion systems with thrusters operated 
at higher thrust density than attainable with present designs. 

The Extended Performance Solar Electric Propulsion Thrust System Study 
(EPSEP, Ref. 7) used a modified Engineering Model Thruster (EMT, Refs. 4 and 5) 
to produce a maximum thrust per thruster of 0. 210 N at a specific impulse of 4850 
seconds and an input power of 6465 watts. The standard EMT produces a thrust of 
0. 129 N at a specific impulse of 2904 seconds for an input power of 2650 watts 
(Ret 5). The EMT was modified slightly to increase its lifetime and is now referred 
to as the Solar Electric Propulsion (SEP) baseline thrustor. The major modifications 
included the use of small hole accelerator grids (SHAG) which allowed the discharge 
voltage to be reduced from 36 to 32 volts. The combination of SHAG and the reduced 
discharge voltage resulted in reduced thruster internal erosion with no loss of thrust- 
er performance. 

For any ion thruster the maximum thrust which may be obtained for a given 
beam power occurs when that thruster is operated at the maximum beam current and 
minimum beam voltage. High values of beam current imply large values of total ac- 
celerating voltage. The maximum thrust then occurs at operation at the lowest pos- 
sible value of the ratio of net to total accelerating voltage (R). Reference 8 de- 
scribed the sensitivity of beam divergence to and the limitations of R as a function 
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c' two-grid accelerator geometry. References 9 and 10 presented the operation of 
three grid ion acceleration systems and Indicated their use resulted in inductions 
of ion beam divergence and minimum R, when compared to that of two grid thrust- 
er operation. 

This pi^r describes the results, to date, of the program to evaluate the opera- 
tion of the 30 cm mercury ion thruster at increased values of beam current with two 
and three grid optics. Comparisons with the baseline concepts are made in areas 
of performance and lifetime. 


APPARATUS 

A 30 cm diameter laboratory thruster, functionally equivalent to the EMT, was 
tested with four different ion accelerating systems. The four grid sets used are de- 
scribed in Tdble 1 which also shows the basic properties of the EMT grids used in 
Refs. 4, 5, and 7. 

The operation of grid sets A and B were compared to show the impact of the 
addition of a third, or decelerator grid. Each set used the same screen and accel- 
erator grids with each grid mounted on a molybdenum ring at the grid perimeter. 

The third or decelerator grid (set B) was originally a screen grid from a different 
grid set. That set had been dished inward, and the screen grid hole pattern was, 
therefore, not reduced to "compensate” for hole misalinement due to dishing and 
spacing. As a' result, the holes in the accelerator and decelerator grids of set B 
were nearly co-linear. In addition, the radii of curvature were slightly different 
(because they were dished at different times) which gave a spacing of about 1 mm 
at the center for an edge spacing of 0. 5 mm. Thus, the results of thruster opera- 
tion with three grid optics, presented herein probably do not represent the full 
benefits of this concept. 

The decelerator grid was mounted to, but electrically isolated from, the accel- 
erator grid mounting ring and was electrically connected to neutralizer common 
potential. 

Grid set C was identical to grid set A with the exception of the diameters of the 
accelerator holes. The central region of the grid had 1. 27 mm diameter holes while 
those holes located more than hsilf radius outward were 1. 02 mm diameter. This 
grid set was used to evaluate thruster lifetime at higher beam current. 

Grid set D was identical to grid set A with the exception of a thinner accelerator 
grid and the use of a light-weight mounting ring assembly (Ref, 4). Grid set D is 
identical to those presently used on the baseline SEP "J" series thruster. The per- 
formance of these grids was compared with that of grid set B. 
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The grids used in the EPSEP study were identical to those of the EMT (Ref. 4) 
and differed from grid set A in that a larger grid spacing was used, the light-weight 
mounting system was employed, and the accelerator grid lu>les were larger in diame- 
ter. 


Four thermocouples were used to measure thruster component temperatures. 

One was on the cathode orifice plate, another on the screen grid mounting ring, and 
two on the thruster anode. The anode thermocouples were positioned 1. 9 and 6. 8 cm, 
respectively, from the downstream end of the anode along a line parallel to the 
thruster axis. 

Three beam edge ion probes were used to analyze variations of the ion beam 
divergence as functions of grid geometry and extraction voltages. Reference 8 de- 
scribes the details of these probes which have an approximate collection area of 
0. 35 cm^ and were used as retarding potential analyzers. The probes were posi- 
tioned along a line parallel to the thruster axis at a radial location such that the 
probe centers were located at angles of 65^, and 81*^, respectively, from the 
outer most grid holes. 

Laboratory type power supplies (Ret 5) were used and an optical spectrometer 
(Ret 11) was employed to obtain spectrol line intensities of the propellant atoms 
and ions and sputtered discharge chamber component atoms. 

All of the tests were conducted in a 0. 9 m diameter bell jar of the 7. 6 m diame- 
ter by 21. 4 m long vacuum tank at the Lewis Research Center. 

RESULTS AND DISCUSSION 

The results of tests, conducted to evaluate 30 cm mercury ion thruster opera- 
tion with two and three grid ion optics at higher values of beam current are presented 
and compared with those of the baseline SEP and EPSEP thrusters which used con- 
ventional two grid optics. 


Ion Optics 


Perveance . - The performance of the ion accelerating system is measured by its 
ability to efficiently collimate and accelerate the ion beam. Figure 1 shows the maxi- 
mum beam current obtained as a function of the total accelerating voltage for grid 
sets A, B, and D. Based on these data, the maximum beam current (for 30 cm diam 
Hg thrusters) obtainable with these grids is given by the following equation; 


1. 7x10-6 


JB 


MAX 


( 1 ) 


where 
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'^MAX maximum beam current, amps 
Vip total accelerating voltage, volts 

i effective accelerating distance, mm 

The effective accelerating distance is defined here as the sum of the screen grid 
thickness, the cold grid to grid spacing, three-fourths of the acceleration grid 
thickness, and the change in grid to grid spacing during operation. This expression 
was used in Ret 12 to correlate a large quantity of data from many differrat geome- 
tries of dished grids for 30 cm mercury ion thrusters. For grids dished outward, 
the change iu grid-to-grid spacing was estimated to be about -0. 26 mm (Ref. 1^. 

Most of this change in spacing was believed to occur soon after initiation of the 
thruster discharge. The different slopes for the data of Fig. 1 are probably due to 
the addition of the third grid for set B and the different mounting system used on 
grid set D. These differences, as well as discharge power variations as the beam 
current was varied, probably had second order effects on the grid-to-grid spacing. 

Equation (1) was obtained over ranges of beam current, total voltage, and cold 
grid spacing of; 1 to 6. 2 amperes, 1000 to 3000 volts, and 0. 56 to 0. 88 mm, respec- 
tively. The minimum value of £ to be used in Eq. (1) is expected to be about 0. 9 mm 
for 30 cm diameter dished grids. Sovey (Refi 13) presented a similar expression for 
8 and 30 cm diameter ion thrusters using closely spaced two grid dished optics with 
argon, xenon, and mercury propellant. Over the range of data obtained by Sovey, his 
expression and Eq. (1), are in good agreement. 

For normal thruster operation with some operating margin, total accelerating 
voltages of about 200 volts higher tiian those predicted by Eq. (1) are required. The 
maximum value of the total accelerating voltage is determined by electrical break- 
downs between the grids. For closed spaced grids, this value is in excess of 
5000 v/mm and does not affect operation in voltage ranges of interest. 

Ratio of net- to- total acclerating voltage. R. - The range ct R governs the range 
of specific impulse over which a thruster may be operated. For a given grid set, 
operating at any beam current and total voltage, the ion beam divergence increases 
as the net ion beam voltage or R decreases. The upper limit of R occurs when 
the accelerator grid voltage is too low in ms^itude to prevent electrons from the 
neutralized ion beam from flowing upstream into the thruster. For SHAG optics 
the maximum value of R is about 0. 9 (Ref. 8). The lower limit of R is determined 
by a rapid increase in accelerator grid current due to the impii^ement of poorly 
focussed ions. For two grid optics the minimum value of R (R h^tn ) is in the range 
of 0. 5 to 0. 7 (Ref. 8). For a beam current of 5 amperes, the perveance limit of a 
grid set (Eq. (1), operated at R equal to 0.5, requires the beam and accelerator 
voltages to be about +1000 volts and -1000 volts, respectively. Severe erosion of 
the downstream side of the accelerator grid by change exchange ions would be ex- 
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pected from extended operation at this condition. However, the addition of a third 
grid or decelerator, downstream of the accelerator grid, has been found to allow 
thruster operation at lower values of R (Ref. 10). Figure 2 shows the percentages 
of accelerator and decelerator currents, with respect to the beam current, for two 
and three grid optics as functions of R. These currents are due to primary ion and 
change exchange ion impingement. Rmik> three grid system, was found to 

be about 0. 2 indicating a beam voltage as low as 400 volts is possible for Hg ion 
beam current of 5 amperes. Figure 2 also shows that the use of a decelerator re* 
duces the accelerator infringement current, probably by acting as a shield to low 
energy charge exchange ions as well as infiroving the focussing of thrust ions. The 
current collected by the decelerator grid was also a small fraction of the beam cur- 
rent. The percentages shown were nearly independent of variations of beam current 
and total voltage. 

The trends of R shown in Fig, 2 for two and three grid optics are also ex- 
pected to be independent of propellant tsrpe. Therefore, because specific impulse 
varies inversely with the square root of the propellant atomic mass, the lowest 
allowable value of specific impulse will increase as the propellant atonniic mass is 
decreased. 

In Ref, 8 the ion beam edge divergence from two grid optics was reported to 
increase as the accelerator grid hole diameter was decreased. Figure 3 shows 
that for two grid optics the beam edge divergence increased, for R equal to 0. 6, 
from 58° to 77° as the accelerator grid hole diameter was decreased from 1, 52 to 
1. 14 xnm. Figure 3 also shows the improved focussing effects of the SHAG optics 
with a decelerator grid. The addition of a decelerator grid to two grid SHAG optics 
reduced the beam divergence to that of the EMT two grid optics. The beam edge 
angle increased for both grid configurations as R was decreased, however, the ef- 
fect was slightly less for three grid optics. The results of Fig. 3 were also found 
to be independent of beam current variations. 

Discharge Chamber 

Higher thruster power densities imposes new requirements not only on ion 
optics performance but also upon the discharge chamber performance. Operation 
of the discharge chamber is characterized by performance parameters such as dis- 
charge propellant utilization efficiency, nuD* power per beam ampere, 

ej; lifetime parameters such as component eiosion rates; and steady- state tempera- 
tures of components such as the cathode, anode and ion optics. These parameters 
were found to be independent of the use of a decelerator grid and, for SHAG optics, 
were dependent on beam current, discharge voltage, or discharge current. 

Performance. - Figure 4 shows t j as a function of t>ud (corrected for doubly 
charged ions) for various beam currents and discharge voltages. The was 

found to increase with beam currert at constant dischaige voltage. However, the 
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fraction of multipy charged ions also increases leading to reductions of the thrust 
and thruster lifetime. Based on the results of Ref. 11, the thruster was also 
operated at a lower discharge voltage to reduce the erosion of discharge chamber 
components, such as the screen grid, particularly at higher beam currents. Figure 4 
shows the expected reduction in discharge chamber efficiency as the discharge voltage 
was reduced. 

Lifetime . - The useful life of an ion thruster is presently limited by sputtering 
erosion of discharge chamber components by discharge ions. Reference 11 has shown 
that thruster component erosion rates may be correlated with the spectral emission 
from eroded component atoms. The spectral intensity is a complex function of the 
atom density and the exciting electron density and temperature. In addition, the 
molybdenum (Mo) atom density has two sources; the screen grid and accelerator 
grid. It was assumed that most of the signal is from screen grid erosion. 

Figure 5 shows the variation of the normalized spectral line intensity for Mo 
as functions of the discharge voltage for different values of beam current. At con- 
stant values of discharge voltage and beam current the intensity was found to in- 
crease linearly with cathode emission current. To eliminate the effects of emission 
current variations as the discharge voltage and beam current were varied, the ob- 
served Mo intensities were divided by the cathode emission current at each point. 
Figure 5 shows that, at constant beam current, the normalized Mo intensity de- 
creased rapidly with discharge voltage until that voltage reached 32 volts at which 
point the intensity became relatively insensitive to further reductions i;i discharge 
voltage. However, at any discharge voltage, the Mo line intensity increased with 
beam current. Spectral line intensities for singly, doubly, and triply charged mer- 
cury ions showed trends similar to tho.-'^e of Fig. 5. Based on Fig. 5 and other data, 
an extended test of a thruster operated at a 3 ampere beam current was conducted 
using grid set C. Table 2 compares thruster and facility operating conditions as 
well as screen grid erosion rates for the 3 ampere test and the baseline SEP and 
EPSEP thrusters. Accounting for the effects of facility pressure on thruster erosion 
(Ref. 11), the erosion rates expected in space for each thruster operating condition 
are about equal. Thus, thruster lifetime may be held constant, as ion beam current 
density is increased, if techniques to reduce the sputtering rate, such as reduction 
of the discharge voltage, are employed. Attempts to greatly reduce the discharge 
voltage through variations of physical baffle diameter, magnetic baffle current and 
cathode flow rate, as the beam current was increased, were thwarted. The minimum 
discharge voltage was found to be about 26 volts and further variations in the thruster 
parameters, mentioned above, resulted in discharge voltage increases. Measurable 
spectral intensity signals from multiply charged mercury ions still exist at 26 volts, 
possibly because of the inherent peakerl plasma density profile of the divergent mag- 
netic field thruster. 
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Discharge chamber geometries having more uniform plasma distributions, 
such as those in multipole designs (Refs. 14 and 16), may be required to permit 
further reductions of discharge voltage and thruster iirtemal erosion at elevated 
beam currents. 

Temperatures. ** Thruster operation at high values of beam current, at near 
constant ej and discharge voltage, implies high values of discharge power, cathode 
emission current, and thruster component temperatures. CatlK>de, anode, and 
screen grid mounting ring temperatures are plotted in Fig. 6 as (Unctions of the dis- 
charge current collected by the anode. Of the latter three components the down- 
stream end of the anode was the hottest, approaching 500<> C, because most of the 
current is collected at that end of the anode in a divergent magnetic field thruster. 
The temperature of the anode, at a location 5 cm upstream of the electron collec- 
tion region, was about 120<> C cooler than the downstream end. A multipole mag- 
netic field thruster, which has a more uniform plasma density, is less likely to have 
such large temperature gradients. The temperature of the grid mounting ring, which 
is attached to the downstream end of the thruster, is also shown in Fig, 6. It in^ 
creased with discharge current and this variation was typical for both types of grid 
mounting rings tested. The mounting ring temperatures (<^C), for a given discharge 
current were about half the value of the downstream anode temperature. 

The cathode tip temperature, at constant cathode flow rate, increased nearly 
linearly with discharge current at about 15^ C per ampere. The temperature was 
also noted to be a strong function of cathode flow rate, increasing about 60° C as 
that flow rate was Increased from 80 to 160 mA equivalent. Higher cattiode tempera- 
tures, expected at higher values of emission current, can prc^ably be reduced with 
modest increases in the cathode orifice diameter as su^ested in Ref, 16. 

Thruster Performance 

Table 3 shows the performance, obtained in this study, for thrusters operated 
with three grid optics. Performance was calculated using measured input parame- 
ters and thrust loss factors obtained from estimated values of beam divergence 
(Ref, 17) and doubly charged ions (Ref, 18). Figure 7 presents the maximum values 
of thrust as a function of specific impulse (lowest beam voltage) for a thruster with 
three grids and compares them to those of the baseline SEP and EPSEP thrusters. 
The curvature, at decreasing values of specific impulse, occurs because the pro- 
pellant utilization efficiency decreases with decreasing beam current thereby de- 
creasing the specific impulse. The major point of Fig. 7 is that, over the range 
of SEP specific impulse variation, the use of three grid optics allows several times 
more thrust per thruster at any value of specific impulse. In addition, the ratio of 
the maximum thrust from the three grid thruster to the thrust of the SEP thruster 
Increases with specific impulse. 

Figure 8 shows the thrust as a function of thruster power for a thruster with 
three grid optics and for the SEP and EPSEP thrusters. The use of three grid 
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q;>tic8 allows as much as 24 percent more thrust than the SEP thruster (at 2650 W 
ii 4 )ut power) and nearly 76 percent more thrust than the EPSEP thruster (at 3 kW). 
These Increases in the thrust to power ratio occur because the three grid optics 
were operated at a lower specific lnQ)ulse as shown In Fig. 7. This does require 
an increase in the propellant mass fraction, for a given mission, If no other changes 
are made. But the line of tiiree grid optics, at these values of specific In^iulse and 
inimt power, allows thruster operation at a beam voltage apprmclmately equal to ex- 
pected solar array bus voltages. 

Thrusters (8, 15, and 30 cm diam) have been operated (Refs. 19 to 21, respec- 
tively) with most of the thruster power sun>lied directly from a solar array (direct 
drive). Ihe major stated uncertainty in the application of that concept is the possi- 
bility of interactions between the high voltage solar array and the space and thruster 
generated plasmas. Present power processors for SEP are designed to operated 
from sclar arrays with output voltages as high as 400 volts and negligible plasma 
interactions. Results of this investigation have indicated that, through the use of 
three grid optics, beam voltages as low as 400 volts at beam currents up to 5 ampere 
are possible. Therefore, is appears that direct drive is possible and that about 95 
percent of the thruster input power (beam and discharge powers) may be obtained 
directly from the solar array. This would result in considerable savings in system 
cost and mass through reductions in the requirements for power processing, waste 
heat radiators, and solar array power. 

All of the data in Table 3 are plotted in Fig. 9 which shows that the efficiency 
of a given thruster as a function of specific impulse is nearly independent of beam 
current. This occurs because decreases in the unionized propellant mass losses 
are offset by increases in the thrust losses due to multiply charged ions as the beam 
current Is increased. 

Also shown in Fig. 9 Is the performance of the SEP and EPSEP thruster over 
their power throttle range. The use of three grid optics not only increases the range 
of thruster operation at low values of specific impulse over that possible with two 
grid optics (about 30 percent), but also increases the thruster efficiency {d values 
of specific impulse less than about 2800 seconds. This efficiency increase is due 
to the iminroved ion focussing characteristics of three grid optics over the entire 
range of specific impulse. 

At low values of specific impulse the power required to create the beam ions 
is comparable to the output beam power thereby reducing the power efficiency to 
less than 50 percent. The use of other discharge chamber designs, such as that 
of Ref, 14 which employs magneto-electrostatic containment of ions and electrons, 
offers potential discharge power reductions of about 25 percent vdiich would result 
in thruster efficiencies about 6 percent greater than those of Fig. 9 at a specific 
impulse of about 2000 seconds. 
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CONCLUSIONS 

A 30-cm diameter mercur>’ ion thruster, using two and three grid ion accelerat- 
ing systems, was operated at increased values of beam current. When a third, or 
decelerating grid, was added to the conventional two-grid optics of a SEP-like 
thruster, the ion beam focussing properties were found to improve as expected 
from theoretical considerations. This inq>rovement not only extended the range of 
thruster operation at low values of specific impulse but allows several times more 
thrust than SEP or EPSEP baseline thrusters at any specific impulse. In addition, 
the total thruster efficiency, as a function of specific iminilse, is increased for val- 
ues of specific impulse from 1200 to 2800 seconds. The use of three grid optics at 
low values of specific impulse may also enable the direct use of solar array power 
for about 95 percent of the thruster input power thereby reducing the propulsion sys- 
tem cost and mass through reductions of power processor requirements. 

lliruster discharge chamber performance was unafiected by the addition of the 
decelerator grid. 

The lifetimes of discharge chamber components as functions of beam current 
and discharge voltage were inferred from spectroscopic analysis of the thruster 
discharge. Reduced component erosion afxiears possible if techniques such as re- 
ducing the discharge voltage are employed to reduce the quantity and energy of ions 
which do sputter damage. Results of an extended test, conducted at an increased 
beam current of 3 amperes and a reduced discharge voltage of 28 volts, predict a 
thruster lifetime, at space conditions, which is no less than that of the baseline 
SEP thruster. 
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TABLE 1. - ION OPTICS DESCRIPTION 





















TABLE 2. - SCREEN GRID EROSION RATES 


Thruster 

Grid set C 

SEP 

EMT and EPSEP 

Beam current, amp 

3.0 

2.0 

2.0 

Discharge voltage, V 

28 

32 

36 

Discharge losses per 

192 

192 

198 

beam amp, W/A 
Facilily pressure, Torr 

4x10-7 

a<10-7 

2x10-7 

Screen grid erosion 

5. 5±2. 6 

9^:2. 5 

:?±i. 3 

rate, nm/hr 
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Figure 1. > Maximum beam current as a function of tc^al accelerating voltage. 
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Figure Z, - Grid impingement current as a function of R, 
beam current - 2.0 A. 
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Figure 3. - Beam edge angle as a function of R, beam 
current • 2. 0 A. 
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Figure 4. > Discharge losses as a function of discharge propellant 
utilization efficiency (grid set A), 
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Figure 7. - Demonstrated maximum thrust as a (unction of specific impulse. 
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